Retinal degenerative diseases, such as retinitis pigmentosa and Leber congenital amaurosis, are a leading cause of untreatable blindness with substantive impact on the quality of life of affected individuals and their families. Mouse mutants with retinal dystrophies have provided a valuable resource to discover human disease genes and helped uncover pathways critical for photoreceptor function. Here we show that the rd11 mouse mutant and its allelic strain, B6-JR2845, exhibit rapid photoreceptor dysfunction, followed by degeneration of both rods and cones. Using linkage analysis, we mapped the rd11 locus to mouse chromosome 13. We then identified a one-nucleotide insertion (c.420-421insG) in exon 3 of the Lpcat1 gene. Subsequent screening of this gene in the B6-JR2845 strain revealed a seven-nucleotide deletion (c.14-20delGCCGCGG) in exon 1. Both sequence changes are predicted to result in a frame-shift, leading to premature truncation of the lysophosphatidylcholine acyltransferase-1 (LPCAT1) protein. LPCAT1 (also called AYTL2) is a phospholipid biosynthesis/remodeling enzyme that facilitates the conversion of palmitoyl-lysophosphatidylcholine to dipalmitoylphosphatidylcholine (DPPC). The analysis of retinal lipids from rd11 and B6-JR2845 mice showed substantially reduced DPPC levels compared with C57BL/6J control mice, suggesting a causal link to photoreceptor dysfunction. A follow-up screening of LPCAT1 in retinitis pigmentosa and Leber congenital amaurosis patients did not reveal any obvious disease-causing mutations. Previously, LPCAT1 has been suggested to be critical for the production of lung surfactant phospholipids and biosynthesis of platelet-activating factor in noninflammatory remodeling pathway. Our studies add another dimension to an essential role for LPCAT1 in retinal photoreceptor homeostasis.
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gene discovery | lipid enzyme | phospholipid remodeling | retinal degeneration | visual dysfunction R etinitis pigmentosa (RP) constitutes a group of common inherited retinal dystrophies with clinical manifestations, including nyctalopia (night blindness) and loss of peripheral vision. One of the early hallmarks of RP is photoreceptor dysfunction that is followed by the death of rod and then cone photoreceptors. To date, over 40 genes have been associated with inherited forms of RP (Retnet: www.sph.uth.tmc.edu/retnet/); these genes exhibit distinct patterns of expression (e.g., rod-specific or widely expressed) and encode proteins of diverse biological functions (1) (2) (3) .
Animal models of retinal degeneration are a valuable resource in elucidation of genes for human retinal diseases, including RP and Leber congenital amaurosis (LCA) (4, 5) . One of the first mouse retinal degeneration lines examined, rd1, was defective in Pde6b, encoding β-subunit of cGMP phosphodiesterase and was determined to have both an insertion and a point mutation (6, 7) . The rd7 mouse line resulted from the loss of function of orphan nuclear receptor NR2E3 (8, 9) , and rd16 mice carried an in-frame deletion in the broadly expressed Cep290 (10). Cross-species mutation discovery rapidly occurred in each case once the initial disease causing change (in either mice or humans) was identified (11) (12) (13) . The study of proteins encoded by these genes is leading to a better understanding of the visual transduction pathway, transcription, and ciliogenesis, respectively.
In our ongoing effort to uncover genes critical for retinal function or disease, we examined the rd11 and B6-JR2845 strains of mice that were reported to exhibit retinal degeneration (4). Here we describe the detailed retinal phenotype of these mouse mutants, followed by mapping of the disease locus, and identification of mutations in the Lpcat1 gene that encodes a phospholipid remodeling enzyme, lysophosphatidylcholine (LPC) acyltransferase (AT). To assess the physiological impact of Lpcat1 mutations, we have examined membrane association of retinal pigment epithelium 65-kDa protein (RPE65), measured retinyl ester content, and evaluated dipalmitoylphosphatidylcholine (DPPC), the downstream product of LPCAT1 enzyme, in rd11 and B6-JR2845 retina. We also report the screening of LPCAT1 in patients with human retinopathy.
Results
Retinal Phenotype of the rd11 and B6-JR2845 Mutant Mice. The rd11 and B6-JR2845 strains of mice were identified at The Jackson Laboratory in a screen for naturally occurring mouse models of retinal disease (4). The two strains are genetically allelic by complementation analysis and do not show any other obvious morphological or functional phenotype. Retinal fundus examination revealed a similar phenotype between both strains. Retinal vessels became attenuated by postnatal (P) day 36 with retinal degeneration obvious by P113 (Fig. 1A) . Electroretinograms (ERGs) of rd11 mice presented with a reduced rod photoreceptor (darkadapted) a-wave, which flattened out at 4 wk of age. Cone photoreceptor (light-adapted) response was similar to WT at 3 wk, but was reduced substantially at 4 and 5 wk. These results suggest that rod photoreceptors are affected before cones (Fig. 1B) , consistent with a retinitis pigmentosa-like phenotype. A similar fundus and ERG profile was observed with B6-JR2845 mice (Fig. S1) .
Histologically, photoreceptors appeared to develop normally in both strains of mice. At P21, no substantial degeneration was observed in rd11 mice. However, rapid photoreceptor degeneration was seen after P21. By P31, only four to five rows of photoreceptor nuclei were present instead of the usual 10 to 12 rows. At P47, only a single row of nuclei remained (Fig. 1C) . B6-JR2845 mice demonstrated a similar pattern of degeneration; however, more than one row of nuclei was still present by P47 (Fig. 1C) . Transmission electron microscopy (TEM) revealed outer segments in retinal photoreceptors of both strains (Fig. 2) . However, the photoreceptor nuclei of rd11 and B6-JR2845 did not appear to be as ordered as B6 control mice. B6-JR2845 retinas showed thinning of the outer nuclear layer at P26, confirming a rapid degeneration in these mice (Fig. 2) .
Linkage Analysis and Candidate Gene Screen. To localize the genetic defect, we performed linkage analysis of rd11 mice and identified a locus on mouse chromosome 13 between markers D13Mit99 and D13Mit284 (Fig. 3A) . This critical genomic region corresponds to 3.7 Mb with 62 potential candidate genes ( Fig. 3B ) and is equivalent to human chromosome 7q35 or 5p15. Analysis of additional mice narrowed the genetic locus to flanking markers D13Mit284 and D13Mit255 within an interval of 0.6 Mb harboring 11 genes. Because of established importance of calcium and high concentration of lipids in photoreceptors (14-16), we selected Lpcat1 as a candidate gene because of its putative Ca 2+ binding and AT properties. Sequencing of Lpcat1 in rd11 mice revealed a homozygous one-nucleotide insertion in exon 3 (c.420-421insG) (Fig.  3D) . The WT mouse LPCAT1 protein consists of 534 amino acids; however, the frame-shift in rd11 mice is predicted to result in an abnormal protein after amino acid 140 and a stop after residue 178. Examination of B6-JR2845 DNA showed a homozygous deletion of seven nucleotides in exon 1 (c.14-20delGCCGCGG) (Fig. 3D) , which is predicted to result in a frame-shift after codon 8 and a stop codon after 21. These two DNA mutations were not observed in nine WT mouse strains (Fig. S2 ).
Lpcat1 Expression Analysis. RNA analysis of a human multiple tissue Northern blot identified LPCAT1 RNA in all tissues examined (heart, brain, liver, skeletal muscle, kidney, and pancreas) with maximum expression in placenta and lung (Fig. S3) . Lpcat1 transcripts were detectable by RT-PCR in GFP-tagged flow-sorted rod photoreceptors and in mouse retina from embryonic day 12 through 4 mo. (Fig. S3) . Quantitative RT-PCR (qRT-PCR) of laser capture microdissected nuclei from retinal outer, inner, and ganglion cell layers suggested broad expression of Lpcat1 in mouse retina (Fig. 4A ).
Effect of Mutations on Lpcat1 RNA and Protein. Premature stop codon in transcripts can lead to nonsense-mediated decay (17) . RT-PCR analysis showed a 3-fold decrease in the expression of Lpcat1 in rd11 retina compared with B6 control mice (Fig. 4B) , consistent with nonsense-mediated decay. On the other hand, a 2.5-fold increase was detected in retinal Lpcat1 transcripts from B6-JR2845 mice. Interestingly, the mutation in B6-JR2845 mice is within a GC-rich region, and a deletion can therefore enhance Lpcat1 transcription by altering secondary structure.
To examine the effect of mutations on LPCAT1 protein, we transfected WT and mutant Lpcat1 cDNA in pcDNA4c vector in HEK293T cells. Immunoblot analysis of transfected cell extracts using Xpress antibody showed a WT LPCAT1 protein of ∼64 kDa. The rd11 mutation produced a truncated protein around 20 kDa, whereas no protein was detected with B6-JR2845 mutation (Fig. 4C) . The anti-LPCAT1 antibody detected endogenous LPCAT1 protein in all lanes. As expected, this protein was smaller than Xpress-tagged LPCAT1 obtained with the WT expression construct (Fig. 4C) . The anti-LPCAT1 antibody identifies LPCAT1 protein in immunoblots of WT mouse retina but not of rd11 and B6-JR2845 mutants (Fig. 4D ).
Lipid Analysis. As LPCAT1 enzyme converts LPC to DPPC, we predicted that loss of Lpcat1 should affect retinal lipid composition. Hence, HPLC and MS analysis was used to profile lipid extracts from pooled sets of retina from B6, rd11, and B6-JR2845 mice. HPLC weight-for-weight analysis of lipid headgroups did not reveal a substantive difference between the strains (Fig. 5A) . Additional experiments showed that within the phosphatidyl- (Fig. S1 ). (B) ERG examination of C57BL/6J (B6) WT at 4 wk of age and rd11 mice at 3, 4, and 5 wk. Dark-adapted ERG showed a reduced a-wave in rd11 mice at 3 wk of age, with a flattening of signal by 4 wk. Light-adapted ERG was closer to WT at 3 wk of age but showed a substantial reduction of intensity at 4 and 5 wk of age. B6-JR2845 mice revealed a similar pattern (Fig. S1 ). (C) H&E staining of rd11, B6-JR2845, and B6 retinas. A substantial loss of photoreceptor nuclei was observed by P31, with a loss to one row of nuclei at P47 in rd11 mice. B6-JR2845 photoreceptor nuclei were also obviously reduced by P31, although more nuclei were present at P47 than in rd11 mice. Retinas from C57BL/6J (B6), rd11, and B6-JR2845 mice were examined by TEM. (A) Nuclei and rod photoreceptor structure appeared to be less densely arranged in mutant mice than in WT (B6). (B) Photoreceptor outer segments were made in both rd11 and B6-JR2845 mice, suggesting that the mutation observed did not have an effect on the generation of this structure.
choline (PC) head group, the ratio of DPPC to the peak lipid class (C34:1) was reduced from an average of 84% in B6 mice to 38 to 41% in rd11 or B6-JR2845 mice (n = 4 litters for each strain) (Figs. 5 B-E). A concomitant increase in another PC lipid subclass including LPC was not observed (Figs. 5 B-D) . These data suggest that loss of Lpcat1 has a detrimental effect on DPPC production in the retina.
As mutant mice exhibited lower retinal levels of DPPC, we hypothesized that adding DPPC to their diet may have a beneficial effect. Breeding cages were therefore supplemented with 2 g/kg DPPC in mouse chow, and the resulting pups were examined. Retinal histology of adult rd11 or B6-JR2845 mice supplemented with DPPC chow did not demonstrate any significant change from mutants fed with unsupplemented chow (Fig. S4) . We therefore checked if dietary supplementation of DPPC affects retinal lipid composition. No change in DPPC levels was observed in supplemented P22 rd11 mouse retina compared with unsupplemented rd11 mutants (n = 3) (Fig. S5) .
As LPCAT1 may have a role in the noninflammatory pathway, we decided to measure PAF C16 and lyso-platelet activating factor (Lyso-PAF) C16. We observed a lower amount of both lipids in mutant mice than WT (n = 3 for each strain) (Table S1) . Notably, some measurements of Lyso-PAF were below our threshold of detection and were calculated as being absent from the respective sample. This result may lead to a lower estimate of Lyso-PAF in our analysis. Although lower amounts of PAF are consistent with the loss of LPCAT1 enzyme, it is unclear why PAF and Lyso-PAF are both reduced in amount in mutant mice.
Human Mutation Screen of LPCAT1. Based on the retina-specific phenotype of Lpcat1 mouse mutants, we were encouraged to perform a mutation screen of exons and boundary regions of LPCAT1 in patients with RP or LCA (Table S2) . A multicenter study of 233 patients failed to identify putative disease-causing sequence changes in the LPCAT1 gene. Eight intronic variations, distant from splice acceptor and splice donor sites, were observed. Several silent coding alterations (p.L53L, p.A133A, p.P287P, p.K426K, p.T455T, p.L459L) and common coding alterations (p.L77P, p.T125A, p.M427T) were detected. Five patients with different retinal dystrophy phenotypes showed nonsynonymous amino acid substitutions (p.R114W, p.H266Y, p.A480G, p.A485T, and p.S522L); however, as a second sequence change was not observed in these patients, it is difficult to assign causality or significance.
Discussion
Lipids have numerous biological roles in membrane bilayers, endocytosis, signaling, and neuroprotection (18) (19) (20) (21) . Retinal photoreceptors contain a modified primary cilia structure (called the "outer segment") with highly specialized membrane discs that harbor opsin molecules and other proteins required for phototransduction, the first step in the process of vision. Photoreceptor outer segment discs are apically displaced daily following a circadian rhythm and phagocytosed by the retinal pigment epithelium (RPE) (22) . The lipid environment of discs plays a critical role in rhodopsin activity and signaling (23, 24) . Of the PC in disk lipids, 16:0 (palmitate) is second highest in amount, after 22:6 (docosahexaenoic acid, DHA) PC (16) . Interestingly, PC and cholesterol disk lipid composition change over time. Cholesterol and 16:0 PC are present at high levels in the younger, more basal discs, and 22:6 PC is greater in older, more apical discs (15, 16) . Pioneering observations of PC lipid distribution have recently been confirmed through newer methods (25) . Interestingly, DHA from plasma is reduced in amount in patients with RP (26) and leads to reduced retinal function in animals when removed from their diet (27) . Supplementation with DHA has been observed to be beneficial in some studies of RP in mouse and man (28, 29) . However, the potentially positive impact of DHA might not be applicable across all forms of RP (30) . Additionally, 22:6 is a substrate for neuroprotectin D1, an antiapoptotic molecule believed to be important for photoreceptor survival (31) . Although the importance of DHA in the retina is established, the relationship between loss of DPPC and photoreceptor cell death has not been elucidated. Here we report the discovery of Lpcat1 as a retinal disease gene and show that changes in DPPC levels in the retina are associated with photoreceptor dysfunction and degeneration.
LPCAT1 was recently cloned by two different groups and implicated in several biological functions (32, 33) . The LPCAT1 enzyme, lysophosphatidylcholine acyltransferase 1, preferentially transfers palmitoyl-CoA to LPC and is part of the lipid remodeling pathway (Lands' cycle) used to generate lipid diversity after de novo synthesis (32, 33) . Because of its high expression in lung, it was hypothesized that LPCAT1 generates DPPC, an important component of lung surfactant (32, 33) . A recent knock-in mouse introducing the β-galactosidase gene after exon 9 of Lpcat1 had reduced AT activity compared with the WT. The reduced function of LPCAT1 with subsequent loss of DPPC was suggested to be critical for transitioning to air breathing in mice (34) . In our investigations, we did not observe an obvious pathology in rd11 and B6-JR2845 mice consistent with the loss of surfactant; however, it is possible that such a phenotype may be induced under appropriate stress conditions. Additional study of rd11 and B6-JR2845 pups after birth may reveal the phenotype described above. In vitro experiments suggest the existence of compensatory mechanisms in lung epithelial cells when LPCAT1 is overexpressed (35). Whether or not such compensation occurs in rd11 and B6-JR2845 mice remains to be elucidated. As DPPC is not completely lost in retinas of rd11 and B6-JR2845 mice, it is pos- (B6) mice. The rd11 strain contained an insertion of a G residue in exon 3. B6-JR2845 mice harbored a seven base-pair deletion in a GC-rich repeat region in exon 1. Neither mutation was observed in B6 mice (current figure) or in eight other control strains (Fig. S2) .
sible that other LPCAT family members are able to partially compensate for the loss of LPCAT1.
In addition to its LPCAT function, LPCAT1 also acts as lyso-PAF AT and is thought to have a role in the noninflammatory PAF remodeling pathway (36) . LPCAT1 is highly expressed in colorectal cancer cells and suggested to influence membrane fluidity, potentially playing a role in cancer cells' progression toward metastasis (37) . Recently, another study observed a decrease in Lpcat1 expression in retinas of diabetic mice (38) . Our data further emphasize the importance of LPCAT1 in diverse cellular processes, with an as yet undefined new role in photoreceptor biology.
The retinal phenotypes of Lpcat1 mutant mice raise important mechanistic questions. The presence of outer segment discs in rd11 and B6-JR2845 retina suggests that LPCAT1 activity and appropriate DPPC levels are not essential for photoreceptor morphogenesis but may be critical for homeostasis and functional maintenance. Consistent with this, a recent qRT-PCR analysis shows that Lpcat1 expression is increased from P2 to P25 (39) . Further investigations are required to precisely delineate the role of LPCAT1 in the retina and photoreceptors.
Photoreceptor-RPE interaction is crucial for the retinoid cycle during phototransduction and two critical proteins of this cycle are lecithin retinol AT and RPE65 (40) . DPPC is involved in the formation of retinyl esters through lecithin retinol AT (41, 42) . DPPC is also thought to act as a palmitoylation switch for RPE65 (43) , although this hypothesis is controversial (44) . We therefore tested the two hypotheses through the measurement of retinyl esters and by examining putative soluble and membrane-bound RPE65 isoforms, respectively, in whole eye and RPE of WT and mutant mice. No significant change in retinyl ester content or RPE65 localization was observed (Fig. S6) , suggesting that altered DPPC levels do not have significant impact on these processes.
LPCAT1 plays a role in the noninflammatory response to oxidization and inflammation (38) . The loss of LPCAT1 could lead to increased presence or slower enzymatic processing of LPC that, in turn, can lead to membrane disruption (45) and Ca 2+ influx (46), either of which may then contribute to photoreceptor cell death. As we did not observe an increase in LPC amount, this is unlikely to be the cause of disease in these mice. LPCAT1 loss may also lead to slower alkyl-PC formation, part of a noninflammatory PAF inactivation pathway (38) . This hypothesis would predict that increased levels of lyso-PAF would be generated, allowing for a greater inflammatory response after light damage. Inflammation and immune response play critical roles in etiology of age-related macular degeneration (47) (48) (49) and retinopathies (50). LPCAT1's role in the noninflammatory pathway would lead to a decrease in PAF and an increase in Lyso-PAF (36); however, lower amounts of PAF and Lyso-PAF were observed in both mutant strains compared with WT mice. Further research is needed to understand the underlying biochemical mechanism of photoreceptor cell death caused by the loss of LPCAT1 function.
Because the addition of DHA to diet had a beneficial effect on retinal degeneration (28), we performed a similar experiment using DPPC supplementation. In our studies, the supplemented diet did not change retinal DPPC content or improve pathology in rd11 or B6-JR2845 mice. We suggest that a larger dietary amount of DPPC, another form of lipid, or a different intake method might be needed to rescue the Lpcat1 mutant phenotype. Alternatively, local synthesis of DPPC is required to meet photoreceptor needs.
In conclusion, we have identified a unique gene for retinal dystrophy in mice and highlighted the importance of maintaining specific lipid profiles in photoreceptors. A few other human retinal dystrophy genes (ELOVL4, ABCA4, REP-1, and Prominin) are believed to be involved in lipid metabolism, transport, protein lipidation, and formation of membrane protrusions (51-56). Although we could not establish disease causality in our patient cohort, LPCAT1 remains a strong candidate gene for human retinal degeneration because of the importance of DPPC and lipid metabolism in retina. It is possible that LPCAT1 mutations have a more pleiotropic effect in humans. Hence, further LPCAT1 mutation screening in patients with both syndromic and nonsyndromic retinal degeneration is desirable. Our studies show that elucidation of LPCAT1 function and biology is expected to provide fundamental insights into diverse physiological processes and disease.
Materials and Methods
Histological and ERG Analysis of rd11 and B6-JR2845 Mice. Animal work was performed with approval from the National Eye Institute and The Jackson Laboratory Animal Care and Use Committees. Histology and ERGs were carried out as previously described (57) .
Linkage Analysis of rd11 Mice. Genotyping of mice and linkage analysis of rd11 mice were completed as previously described (57) . Genetic markers defining the critical domain were D13Mit284 and D13Mit99. The physical region corresponding these markers outlines a 3.7-Mb region containing 62 genes. Additional screening totaling 1,301 samples narrowed the disease locus to markers D14Mit255 and D13Mit284. This genetic area consists of 11 genes, including Lpcat1.
Mouse Mutation Screen. We examined BC005662/Aytl2/Lpcat1 as a candidate gene for the rd11 and B6-JR2845 mice. Lpcat1 was selected because of its putative Ca + binding domain and AT activity. Primers for all 14 exons are included in Table S3 . Mouse strains A/J, AE/J, BALB/cJ, C3H/cJ, C57BL/6J, CAST1/ EiJ, DBA/2J, MOLC/Rk, and NON/Lt were used as controls.
Transmission Electron Microscopy. C57BL/6J (B6), rd11 and B6-JR2845 mouse retinas at ages P27, P21, and P26, respectively, were prepared similar to that , and B6-JR2845 (P21) mice. Anti-LPCAT1 antibody showed cross-reactivity to multiple proteins in addition to one at the expected size (59 kDa). The 59-kDa band was observed in WT mice, but was not present in the rd11 or B6-JR2845 lanes. β-Actin was used as a protein loading control (C and D).
previously described (58) . Samples were analyzed through the University of Michigan Electron Microscopy core. RNA-Based Analyses. Laser-capture microdissected cellular RNA was extracted through standard methods (Qiagen), reverse-transcribed, and amplified using WT-Ovation One-Direct kit (Nugen). TaqMan Gene Expression Assays (Applied Biosystems) using Lpcat1 (Mm00461015_m1) were carried out on each amplified cDNA according to the manufacturer's protocol. POU class 4 homeobox 2 (Pou4f2, Mm00454754_s1), glutamate receptor metabotropic 6 (Grm6, Mm00841148_m1), and Rhodopsin, (Rho, Mm00520345_m1) were used as controls for the GCL, INL, and ONL, respectively. Samples were normalized to Hprt (Mm01310747_g1). PCR amplifications were performed in triplicate. RT-PCR and Northern blot analysis on WT mouse retinal RNA and on a human multiple tissue Northern blot (Clontech) were carried out as previously described (59) . Primers used for RT-PCR are listed in Table S3 . For the nonsensemediated decay test, qRT-PCR was performed in triplicate on three sets of P21-to P23-aged retina cDNA samples derived from each mouse strain (B6, rd11, B6-JR2845). Lpcat1 and Hprt TaqMan Gene Expression Assays were used as described above. The comparative C T, or 2
−ΔΔCt
, method of analysis was performed using Hprt for normalization of expression levels.
Immunoblot Analysis. Lpcat1 cDNA was amplified and cloned into the pcDNA4c vector (Invitrogen) and the rd11 and B6-JR2845 mutations were introduced through site-directed mutagenesis. Primers used for cloning and mutagenesis reactions are listed in Table S3 . HEK293T cell transfection, harvesting and immunoblotting were performed as previously described (59) . Anti-Xpress monoclonal antibody (1:4,000; Invitrogen, 46-0528), anti-β-actin (1:5,000; Sigma-Aldrich, A2228) primary antibody and anti-AYTL2 (LPCAT1) antibody (1:750; Sigma-Aldrich, HPA022268) were used on the HEK293T immunoblot.
Retinas from adult B6, P22 rd11 and P21 B6-JR2845 mice were sonicated directly in 2× SDS buffer with protease inhibitor, and run out by SDS/PAGE. Anti-LPCAT1 antibody (1:750) was preadsorbed on an immunoblot with retinal extracts from P22 rd11, and P21 B6-JR2845 mice before being used experimentally. Mouse anti-rabbit HRP conjugated light chain specific antibody (1:4,000; Millipore, MAB201P) was used to detect the primary antibody. Mouse anti-β-actin antibody was used as a control for loading.
Retinal Lipid Extractions, HPLC, and MS Analysis. Retinas from B6, rd11, and B6-JR2845 mice were collected at P21 to P24 and lipids were extracted using the Bligh and Dyer protocol (60) . One litter of pups was pooled for each experiment and three sets of lipids were examined for each strain. Quantitative phospholipid analysis (weight % analysis) was performed by HPLC by Avanti Polar Lipids. Semiquantitative analysis of major phospholipid species although flow-infusion MS was also carried out by Avanti Polar Lipids. PAFs were separated in a Waters Corp. Symmetry 300 C-18 column (3.5 μm, 2.1 × 150 mm) using an Agilent Technologies Series 1200 HPLC equipped with a binary pump and automatic sample injector. The column was run at 0.1 mL/ min and the PAFs separated using a gradient starting with 25% solvent A (20% acetonitrile, 80% water 5 mM ammonium acetate) and 75% solvent B (84% methanol, 16% methylene chloride, 1 mM ammonium acetate). The gradient increased linearly to 100% solvent B in 20 min and was maintained at 100% B until 50 min. The solvents were then changed to original conditions (25% B) for an additional 10 min to reequilibrate the column. The total run time was 60 min. Quantification of PAFs was performed by MS using a Waters/ Micro mass QTOF micro equipped with an electron spray probe (ESi). The entire flow of the LC was diverted into the QTOF. The ESi probe settings were as follows: capillary voltage, 3,000 v; sample cone, 35; extraction cone, 3.0; source temp, 120°C; desolation temp, 180°C.
Human Mutation Screen. We examined retinal dystrophy patients from the United States, Canada, and the United Kingdom. Human mutation screens were approved by the University of Michigan Institutional Review Board, McGill Research Ethics Board at Montreal Children's Hospital, and Moorfields Eye Hospital Ethics Committee, respectively. Primers designed for this study are listed in Table S3 . For the Michigan and United Kingdom study, LPCAT1 exon PCR products were amplified and sequenced through standard methods. The Cana- , rd11 (C), and B6-JR2845 (D) mice were examined by HPLC and MS. Within the phosphatidylcholine headgroup class, the m/z of 735.1, corresponding to DPPC, was substantially reduced relative to the peak lipid m/z observed in both rd11 and B6-JR2845. The observed loss was significant when compared with B6 (t test, P < 0.001). (E) DPPC content expressed as a percentage (%) of peak lipid. PC lipids from retinal extracts were subjected to MS/MS analysis. The peak corresponding to DPPC was compared with the peak lipid class in the PC headgroup and expressed as a percentage of peak. The data presented is an average of four sets of extracts from each strain with SE shown. A student's t test showed a significant difference between B6 and B6-JR2845 (P = 7.63 × 10 ), but not between B6-JR2845 and rd11 (P = 0.223). dian/McGill study tested a total of 50 patients (25 patients with LCA and 25 with autosomal recessive juvenile-onset RP). Patients were strongly selected as the then known seven LCA genes (GUCY2D, RPE65, AIPL1, CRX, CRB1, RPGRIP1, RDH12) were excluded by sequencing and all patients were consanguineous to improve chances of finding mutations. PCR products of each exon (including flanking introns) were mixed with equal amounts of normal control and examined by DHPLC. Trace profiles were examined by visual inspection of chromatograms by two independent observers and compared with the WT DNA fragment profile. Samples with aberrant profiles were subsequently sequenced.
